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A B S T R A C T
The human brain presents multiple asymmetries that dynamically change throughout life. These phenomena
have been associated with cognitive impairments and psychiatric disorders although possible associations with
speciﬁc patterns of cognitive aging are yet to be determined. We have therefore mapped and quantiﬁed
morphological asymmetries in a heterogeneous and aged population (65.2 ± 8.0 years old, 52 male and 53
female) to explore potential associations between the asymmetries in speciﬁc brain regions and cognitive
performance. The sample was characterized in a battery of neuropsychological tests and in terms of brain
structural asymmetries using a ROI-based approach. A substantial number of brain areas presented some
degree of asymmetry. Such biases survived a stringent statistical correction and were largely conﬁrmed in a
voxel-based analysis. In speciﬁc brain areas, like the thalamus and insula, asymmetry was correlated with
cognition and mood descriptors as the Stroop words/colors test or depressive mood scale, respectively.
Curiously in the latter, the association was independent of its left/right direction. Altogether, results reveal that
asymmetry is widespread in the aged brain and that area-speciﬁc biases (degree and direction) associate with
the functional proﬁle of the individual.
Introduction
The human brain is remarkably asymmetrical and gross distortions
of brain symmetry like the Yakovlevian (anticlockwise) torque and the
petalia have been recognized for decades (Galaburda et al., 1978;
Hugdahl, 2011; Rogers, 2014; Sun and Walsh, 2006; Toga and
Thompson, 2003). At the volumetric and cytoarchitectural levels,
prominent asymmetries have been reported. A classic example is the
marked leftward increase of the planum temporale in most individuals
(Lyttelton et al., 2009; Takao et al., 2011; Watkins et al., 2001), while
more recent subcortical asymmetries such as the leftward asymmetry
of the habenula have been described (Ahumada-Galleguillos et al., In
press). Left/right side diﬀerences in columnar organization (packing)
(Chance et al., 2013) as well as in neuronal morphology (Scheibel et al.,
1985) – size and dendritic arborization – have also been demonstrated.
Dopamine (Glick et al., 1982) and noradrenaline (Oke et al., 1978)
abundance is left and rightward lateralized respectively and marked
diﬀerences in the expression of opioid receptors and respective ligands
between the left and right anterior cingulate cortex were recently
shown (Watanabe et al., 2015).
Some structural asymmetries seem to have a functional role. For
example, the structural leftward imbalance of the planum temporale
has been shown to be increased in musicians with perfect pitch
(Keenan et al., 2001) and functional leftward asymmetry for language
has been extensively described (see Toga and Thompson (2003)) for
review). Moreover, a relevant body of literature describes abnormal
structural lateralization associated with neuropsychiatric diseases. For
example, right/left caudate volume quotient has been correlated with
the manifestation of attention deﬁcit and hyperactivity disorder
(ADHD)-like symptoms in healthy subjects (Dang et al., 2016) and
Eden et al. (2015) have shown an association between left or right
prefrontal white matter pathways and reappraisal or trait anxiety,
respectively. Brain asymmetries (or its lack) have also been recognized
in obsessive-compulsive disorder (OCD) (Peng et al., 2015), autism
(Conti et al., 2016; Herbert et al., 2005) and schizophrenia (Miyata
et al., 2012; Narr et al., 2001; Park et al., 2013; Sun et al., 2015) - see
also for review (Lindell and Hudry, 2013; Oertel-Knochel and Linden,
2011; Ribolsi et al., 2014; Ribolsi et al., 2009) - suggesting that
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asymmetry is crucial for (or at least reﬂects) proper functioning
(Concha et al., 2012). Indeed, morphological asymmetries manifest
early in development (Concha et al., 2012; Kasprian et al., 2011; Song
et al., 2015) and seem to increase throughout life (Plessen et al., 2014;
Zhou et al., 2013). However, while age-induced functional asymmetry
changes seem to be associated with preservation of cognitive function
as shown by models such as HAROLD (Cabeza et al., 2002) or
CRUNCH (Reuter-Lorenz and Cappell, 2008), the association between
the dynamic nature of structural laterality and the course of emotional
and cognitive faculties throughout healthy aging is not entirely under-
stood. In fact, the healthy aged population has not even been
characterized in terms of hemispheric structural asymmetries.
We thus hypothesized that the older brain presents a high number
of asymmetrical areas, which should be increased in comparison with
younger subjects. Moreover, we hypothesized that many of these
asymmetries should be relevant for neuropsychological proﬁles. In
order to achieve these goals, we studied structural laterality in a
thoroughly characterized and heterogeneous population of aged in-
dividuals and correlated these data with cognitive performance and
mood classiﬁcation.
Methods
Ethics statement
This study was performed in accordance with the Declaration of
Helsinki (59th amendment) and approved by national and local ethics
review boards (Comissão Nacional de Protecção de Dados, Hospital de
Braga, Centro Hospitalar do Alto Ave and Unidade Local de Saúde do
Alto Minho). All volunteers signed informed consent and all medical
and research professionals who had access to participants' identity
signed a Statement of Responsibility and Conﬁdentiality.
Subjects
The population from the Switchbox project, a project that aims to
study healthy aging in the population of northern Portugal, was used in
the present study. Subjects' recruitment was performed in two phases.
Initially, a large sample, representative of the older Portuguese
population in terms of sex and education, was cognitively characterized
[n=1051 after inclusion/exclusion criteria; subjects were randomly
selected from the Guimaraẽs and Vizela local area health authority
registries (Costa et al., 2013; Santos et al., 2013, 2014)]. Then, in a
second-phase, and based on the neurocognitive assessment, 120
subjects were selected from the previous sample in order to provide
cognitive proﬁles of overall good cognitive performance (n = 60) and
overall poor performance (n = 60) for further characterization, includ-
ing magnetic resonance imaging (MRI) screening. Further details
regarding formation of the groups are presented as Supplementary
data.
Inability to understand the informed consent, participant's choice
to withdraw from the study, incapacity and/or inability to attend the
MRI session, dementia and/or diagnosed neuropsychiatric and/or
neurodegenerative disorder (medical records) were the primary exclu-
sion criteria. Regarding cognitive impairment, adjusted thresholds for
the Mini-Mental State Examination (MMSE) test were calculated and
applied, accounting for age and/or education (Busch and Chapin, 2008;
Grigoletto et al., 1999). Following the MMSE validation for the
Portuguese population (Guerreiro et al., 1994) the following thresholds
were used: MMSE score < 17 if individual with ≤4 years of formal
school education and/or ≥72 years of age, and MMSE score < 23
otherwise.
From the 120 subjects recruited for the Switchbox project, nine
refused to perform the MRI screening in the assessment day, four had
brain lesions/pathology detected through the MRI and two presented
excessive motion/artifacts. This resulted in a ﬁnal sample of 105
participants (description in Table 1 and Supplementay Table 1). All
volunteers were right-handed.
Cognitive and mood assessment
Cognitive and mood evaluation was performed by a team of trained
psychologists and all tests have been previously described (Santos
et al., 2014). The Selective Reminding Test (SRT) (Buschke et al., 1995)
was used as a verbal learning and memory test and evaluated the
following components: consistent long term retrieval (CLTR), long
term storage, delayed recall (DR) and intrusions. The Digits Span Test
(Wechsler, 1997) was used in the forward (dforward) and reverse
(dbackward) order as a measure of attention in the ﬁrst case and
working memory/executive function in the second. The Stroop test
(Strauss et al., 2006), which is divided into three modules - words (w),
colors (c) and words/colors (wc) - assessed selective attention, cogni-
tive ﬂexibility and response inhibition. Verbal ﬂuency was evaluated
through the Controlled Oral Word Association F-A-S (FAS) (Lezak
et al., 2004) test, while depressive mood was assessed using the
Geriatric Depression Scale (GDS) (Yesavage et al., 1982).
Image acquisition
Acquisitions were performed on a clinically approved Siemens
MagnetomAvanto 1.5 T (Siemens Medical Solutions, Elangen,
Germany) scanner, in Hospital de Braga, using a 12-channel receive-
only Siemens head coil. A T1-weighted magnetization-prepared rapid
gradient echo (MPRAGE) sequence with repetition time (TR)=2730
ms, echo time (TE)=3.5 ms, ﬂip angle=7°, ﬁeld of view (FoV)=256·
256 mm, 176 sagittal slices, with isotropic resolution of 1 mm and no
slice-gap was used.
ROI-based volumetric analysis
For the region-of-interest (ROI) based volumetric analysis, the
structural data was processed with the semi-automated workﬂow
implemented in FreeSurfer v5.10 (http://surfer.nmr.mgh.harvard.
edu/). This pipeline implements a total of 31 processing steps which
include the spatial normalization to Talairach standard space, skull
stripping, intensity normalization, tessellation of gray matter (GM)-
white matter (WM) boundary and segmentation of cortical, subcortical
and WM regions. Results obtained with this pipeline were shown to be
reliable across sessions, scanner platforms, updates, and ﬁeld strengths
(Jovicich et al., 2009) and were validated against manual
segmentations (Fischl et al., 2002). Details regarding the procedures
and improvements implemented throughout the years have been
described in several publications (Desikan et al., 2006; Destrieux
et al., 2010; Fischl et al., 2002). For the present work only volumes
Table 1
Population characterization. Distribution of the population included in the global
analysis and respective cognitive and mood scores.
Female Male
Number of subjects 53 52
Age 66.5 ± 7.7 (51 to 82) 63.8 ± 8.1 (51 to 79)
Years of formal education 4.1 ± 2.8 6.7 ± 4.2
SRT-CLTR 14.0 ± 12.3 18.1 ± 12.7
SRT-DR 4.9 ± 3.2 5.8 ± 2.9
SRT-int 2.8 ± 4.4 2.1 ± 2.5
Dforward 7.2 ± 2.0 8.2 ± 2.4
Dbackward 3.8 ± 2.3 5.0 ± 2.7
Stroop-w 56.8 ± 19.8 71.6 ± 20.0
Stroop-c 46.6 ± 13.8 50.5 ± 15.2
Stroop-wc 26.1 ± 9.9 32.1 ± 14.2
FAS 14.7 ± 9.4 21.1 ± 12.8
GDS 13.2 ± 6.3 8.8 ± 6.3
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resulting from the subcortical and cortical segmentation according to
the Desikan atlas were considered (Desikan et al., 2006). ROI-wise
measures of cortical thickness and surface area were not considered in
order to facilitate the comparison between ROI-wise and voxel-wise
laterality assessed with diﬀerent techniques.
Laterality Index (LI) for structural segmentation-derived data was
calculated using the following formula in an intra-individual analysis:
LI = (L − R)/(L + R)
where L=volume of the speciﬁed left region and R=volume of the
speciﬁed right region. The absolute value of this result was used to
determine the eﬀects of side-independent asymmetries, i.e. the asym-
metry index (AI).
VBM analysis
In order to control for possible atlas-derived biases, a complemen-
tary voxel-wise analysis was also performed using a modiﬁed version of
the typical voxel based morphometry (VBM) analysis. The key aspect of
the analysis is inter-hemispheric correspondence. In order to achieve
this, we applied the typical VBM data processing pipeline (Mechelli
et al., 2005) using two versions of the structural scans for each
participant: a regular version of the structural scan and a ﬂipped
version in which the original scan was ﬂipped along the midsagittal
plane. All the VBM procedures were performed using Statistical
Parametric Mapping 8 (SPM8; http://www.ﬁl.ion.ucl.ac.uk/spm/).
Initially all images (ﬂipped and unﬂipped versions) were segmented
into six diﬀerent tissue classes (GM, WM, cerebrospinal ﬂuid, skull,
soft tissue and others) using the New Segmentation procedure. Then,
the Diﬀeomorphic Anatomical Registration Through Exponentiated Lie
Algebra (DARTEL) procedure was used in order to create a study
speciﬁc template, which, by using both ﬂipped and unﬂipped versions
of the structural scans, originated a symmetric template. The GM tissue
maps were then aﬃne registered to the Montreal Neurological Institute
(MNI) standard space for localization purposes. The GM maps were
then scaled with the Jacobian determinants, also known as modulation,
so tissue volumes could be compared and smoothed with a 10 mm full-
width at half-maximum (FWHM) Gaussian ﬁlter.
LI images were created using imcalc from SPM8 according to the
following formula:
LI = (Im − Im )/(Im + Im )unflipped flipped unflipped flipped
where Imunﬂipped=unﬂipped image and Imﬂipped=image ﬂipped in the
midsagittal plane. According to this formula, positive voxels in the left
hemisphere of the brain reﬂect greater volumes on the left hemisphere
and vice-versa for positive voxels in the right hemisphere.
Statistical analysis
All statistical analysis was performed on Matlab R2009b software.
P < 0.05 was considered the threshold for statistical signiﬁcance
(Bonferroni-Holm correction was applied whenever multiple compar-
isons were performed (Holm, 1979)). Graphs were attained using
Prism 6 software and, except for ROI-based laterality, only signiﬁcant
results are shown. Laterality pictogram was attained using 3D slicer
(http://www.slicer.org) (Fedorov et al., 2012).
For ROI-based laterality evaluation values are presented as mean ±
standard error of the mean and as normal distribution of the LI values
could not be conﬁrmed, non-parametric tests were used. Variables used
for multiple regressions control are shown in the individual analyses.
Statistical analyses of VBM LI images were performed using SPM8.
One sample T-Tests were performed and results were considered
signiﬁcant at p < 0.05 family-wise error (FWE) corrected at the voxel
level and cluster size greater than ﬁve voxels. In the analysis, an explicit
mask was applied by thresholding the gray matter tissue probability
map suing a threshold of 0.2 in order to exclude voxels with low
probability of corresponding to gray matter.
For determination of the factors that inﬂuence structural laterality,
multiple linear regressions were conducted, in which the dependent
variable was the ROI's LI and independent variables of interest were
sex, age, group (good or poor performer) and education.
Multiple regression analyses were also used to determine the
association between laterality-related data (LI or AI). The dependent
variable was cognitive or mood score and variables of interest were
either LI or AI and their interactions with sex or education. These
analyses were controlled for sex, age, group and education.
In order to determine if the associations between the LI and the
cognitive data were in fact due to the left/right balance or to the single
left or right area volumes, a new analysis was run for each signiﬁcant
LI-cognition correlation. All model variables were similar, but LI was
replaced with left or right area volume (percentage of intracranial
volume, ICV) as independent variables of interest. As only areas of
interest were analyzed, presented p-values were not corrected for
multiple comparisons.
Results
Structural asymmetries - ROI-based analysis
Cortical GM segmentation revealed ubiquitous asymmetries. This
lateralization was seen in both directions (left and right) with no
obvious left or rightward trends in neighboring areas (Table 2 and
Fig. 1). On the temporal lobe, leftward asymmetries were found in the
entorhinal and transverse temporal cortices, parahippocampal and
superior temporal gyruses and in the temporal pole; the middle
temporal gyrus was the sole temporal area presenting a rightward
volumetric asymmetry. Frontally, leftward asymmetries were seen in
the superior frontal and caudal middle frontal gyri, pars opercularis
and lateral and medial orbitofrontal cortices, contrasting with the
rightward lateralization found in the rostral middle frontal gyrus, pars
triangularis, pars orbitalis, frontal pole and paracentral lobule.
Laterality in the parietal lobe was well distributed with two areas
presenting L > R bias (postcentral and supramarginal gyruses) and two
others presenting R > L asymmetry (inferior parietal and precuneus
cortices). Rostral anterior and isthmus cingulate cortices were found to
be left lateralized and the insula presented a rightward asymmetry. The
only two occipital asymmetrical areas were the pericalcarine cortex and
the lingual gyrus, both showing right lateralization.
Similarly, subcortical areas showed signiﬁcant lateralization
(Table 2 and Fig. 1). Lateral ventricle, accumbens, pallidum and
putamen showed a leftward bias while the hippocampus, caudate and
amygdala presented rightward lateralization. Interestingly, average LIs
over the entire cortical gray, white matter and sub-cortical areas
(Table 2 and Fig. 1) presented rightward laterality, even though only
average gray matter LI reached statistical signiﬁcance.
Structural asymmetries - VBM-based analysis
Aiming to provide validation to our ROI-based approach, VBM
analysis of left and right gray matter diﬀerences was performed
(Fig. 2). Leftward asymmetries were found in rolandic operculum,
supramarginal gyrus, Heschl gyrus, inferior occipital, middle occipital,
paracentral lobule, parahippocampus and fusiform gyrus. Rightward
structural lateralization was found in calcarine, parahippocampus,
middle frontal gyrus, middle temporal gyrus, inferior parietal gyrus,
orbital part of the inferior frontal gyrus, supramarginal gyrus and
fusiform gyrus. In order to facilitate comparisons, an Automatic
Anatomical Labeling (AAL) – FreeSurfer (Desikan Atlas) correspon-
dence was established. Left lateralized areas corresponded to supra-
marginal gyrus, superior temporal gyrus, lateral occipital cortex,
precentral gyrus, parahippocampal gyrus and fusiform gyrus.
Rightward shifts were found in cuneus cortex, entorhinal cortex, rostral
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middle frontal gyrus, banks of the superior temporal sulcus, middle
temporal gyrus, superior temporal gyrus, supramarginal gyrus, pars
orbitalis, inferior parietal cortex and fusiform gyrus.
Determining factors for structural laterality
As can be observed in the error bars shown in Fig. 1A, regional
asymmetries were relatively homogeneous within the population. In
order to conﬁrm this, models with regional LIs as the dependent
variable and sex, age, cognitive performance group (group) and years of
formal education as independent variables were established. The only
factor that had an inﬂuence in the LI was sex and only for the fusiform
gyrus (p=0.0011, β=−0.0465, R2=0.1379). In fact, post-hoc analysis
showed that females presented increased (leftward) LI when compared
to males (p=0.0001, t=4.0401, d=0.8001).
Correlates of laterality, cognition and mood
Memory
Memory, as evaluated by the SRT test in its various components,
was associated with area-speciﬁc laterality while being strongly inﬂu-
enced by cognitive performance group. SRT-CLTR association with
superior frontal gyrus LI was mediated by sex (Supplementary Table 2 -
p=0.0062, β=−139.5240, R2=0.7897). Post-hoc analysis showed that
left lateralization in this area was correlated with better performance in
female (p < 0.0001, R2=0.4268), but not in male (p=0.4281,
R2=0.0150) subjects (Fig. 3A). SRT-DR's connection with lateral
ventricle's LI was mediated by both sex and education (p=0.0203,
β=−21.9812 and p=0.0137, β=3.4567, respectively R2=0.4557 –
Supplementary Table 2). In fact, a strong association between right-
ward lateralization of this area and increased SRT-DR score can be
found for male, but not female subjects (Fig. 3B – p=0.0050,
R2=0.1653 and p=0.9690, R2=0.0000 respectively) and for individuals
with lower, but not higher education (Fig. 3C – p=0.0009, R2=0.1453
and p=0.2300, R2=0.0678 respectively).
Dbackward results were mostly correlated with group and age of the
subjects and no associations with the LI were found. However,
asymmetry of the lateral ventricle and cortical gray matter were linked
to this outcome and mediated by education (Supplementary Table 3 –
p=0.0375, β=3.3144, R2=0.5821 and p=0.0477, β=59.8505,
R2=0.5491 respectively). Increased asymmetry of the lateral ventricle
was connected with increased score in individuals with superior
education (Fig. 3D - p < 0.0001, R2=0.5883), although this was not
true for lower educated subjects (p=0.4853, R2=0.5883). Post-hoc
analysis of the association between gray matter AI and dbackward
showed that, in individuals with more years of formal education,
increased asymmetry was associated with lower scores, while the
opposite was true for lower levels of education (Fig. 3E – p=0.1735,
R2=0.0252 0-4 years of education and p=0.5369, R2=0.0176 for > 4
years of education).
Attention, inhibition and cognitive ﬂexibility
No associations of laterality/asymmetry with Stroop-w or Stroop-c
were found. Stroop-wc, which presents increased cognitive demand
and is mostly considered as a test that evaluates attention, inhibition
and cognitive ﬂexibility (Strauss et al., 2006) was mostly inﬂuenced by
group. In the thalamus, a LI-sex association was found to be correlated
with increased performance in the Stroop-wc (Supplementary Table 2
– p=0.0149, β=258.0564, R2=0.5679). Post-hoc analysis (Fig. 4A)
revealed that in male participants, a leftward volumetric lateralization
of the thalamus was associated with increased number of named colors
(p=0.0020, R2=0.1977), while no correlation could be found for
females (p=0.2445, R2=0.0281).
Verbal ﬂuency
Verbal ﬂuency, assessed by the FAS, was associated with posterior
Table 2
Laterality statistics. Statistics for cortical gray matter, subcortical and general areas'
LI. ROI=Region of Interest, LI=laterality index, corrected p-value=Bonferroni corrected
p-value for 46 comparisons.
ROI Mean LI Standard
Deviation
Corrected
p-value
z-value r (effect
size)
Cortical Gray Matter
Rostral Anterior
Cingulate
0.1262 0.0951 < 0.0001 8.2789 0.8118
Transverse
Temporal Cortex
0.1253 0.0952 < 0.0001 8.2526 0.8054
Pars Opercularis 0.0909 0.0815 < 0.0001 7.7730 0.7586
Isthmus Cingulate 0.0514 0.0704 < 0.0001 6.4013 0.6277
Caudal Middle
Frontal Gyrus
0.0414 0.0709 < 0.0001 5.1009 0.5002
Entorhinal Cortex 0.0333 0.0844 0.0043 3.6741 0.3603
Parahippocampal
Gyrus
0.0332 0.0658 0.0001 4.5794 0.4469
Supramarginal
Gyrus
0.0304 0.0498 < 0.0001 5.4155 0.5310
Temporal Pole 0.0245 0.0678 0.0107 3.4030 0.3321
Banks of the
Superior Temporal
Sulcus
0.0239 0.0831 0.1187 2.6072 0.2557
Superior Temporal
Gyrus
0.0235 0.0413 < 0.0001 4.9809 0.4908
Medial Orbitofrontal
Cortex
0.0201 0.0531 0.0072 3.5245 0.3440
Postcentral Gyrus 0.0199 0.0489 0.0038 3.7163 0.3644
Superior Frontal
Gyrus
0.0190 0.0315 < 0.0001 5.3659 0.5287
Lateral Orbitofrontal
Cortex
0.0147 0.0338 0.0020 3.9081 0.3814
Fusiform Gyrus 0.0108 0.0562 0.5935 1.7854 0.1742
Precentral Gyrus 0.0077 0.0309 0.2142 2.3687 0.2334
Inferior Temporal
Gyrus
0.0076 0.0568 1.1036 1.2228 0.1193
Superior Parietal
Cortex
0.0021 0.0419 1.0224 0.6569 0.0641
Posterior Cingulate −0.0031 0.0693 1.0224 0.5383 0.0528
Lateral Occipital
Cortex
−0.0072 0.0472 0.8857 1.1966 0.1173
Cuneus Cortex −0.0100 0.0566 1.0286 1.4504 0.1436
Precuneus Cortex −0.0137 0.0287 0.0005 4.2675 0.4185
Lingual Gyrus −0.0172 0.0490 0.0230 3.1682 0.3107
Insula −0.0177 0.0385 0.0007 4.1638 0.4063
Rostral Middle
Frontal Gyrus
−0.0244 0.0427 < 0.0001 5.1485 0.5024
Caudal Anterior
Cingulate
−0.0334 0.1459 0.2447 2.2585 0.2204
Middle Temporal
Gyrus
−0.0491 0.0473 < 0.0001 7.4780 0.7368
Pericalcarine Cortex −0.0545 0.0461 < 0.0001 7.7396 0.7663
Paracentral Lobule −0.0581 0.0659 < 0.0001 6.8747 0.6709
Pars Triangularis −0.0779 0.0788 < 0.0001 7.4310 0.7252
Inferior Parietal
Cortex
−0.0902 0.0512 < 0.0001 8.7394 0.8570
Pars Orbitalis −0.1034 0.0740 < 0.0001 8.3859 0.8223
Frontal Pole −0.1472 0.0921 < 0.0001 8.6170 0.8409
Subcortical
Lateral Ventricle 0.0559 0.0885 < 0.0001 5.6101 0.5501
Accumbens 0.0467 0.0959 0.0002 4.5219 0.4413
Inferior Lateral
Ventricle
0.0331 0.1984 0.2447 2.2862 0.2242
Pallidum 0.0320 0.0548 < 0.0001 5.2533 0.5151
Putamen 0.0143 0.0253 < 0.0001 5.0854 0.5111
Thalamus Proper −0.0037 0.0264 1.1762 1.2929 0.1274
Hippocampus −0.0088 0.0281 0.0230 3.1649 0.3118
Caudate −0.0250 0.0273 < 0.0001 7.1050 0.6967
Amygdala −0.0282 0.0685 0.0020 3.8979 0.3822
General Areas
White Matter −0.0014 0.0070 0.4688 1.9424 0.1905
Sub-Cortical −0.0019 0.0151 1.1762 1.2246 0.1219
Gray Matter −0.0023 0.0050 0.0006 4.2156 0.4134
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cingulate laterality, but it was mostly inﬂuenced by cognitive perfor-
mance group. Posterior cingulate laterality was correlated with this
score in an education-mediated fashion (Supplementary Table 2 –
p=0.0242, β=−11.2447, R2=0.6064). Interestingly, the association
between posterior cingulate LI and performance showed opposite
trends in individuals with lower and higher education. In subjects with
0 to 4 (p=0.0533, R2=0.0599) or more than 4 (p=0.0154, R2=0.2846)
years of formal education, a leftward or a rightward volumetric
lateralization of the posterior cingulate are respectively associated with
increased number of recalled words (Fig. 4B).
Mood
Depressive mood was evaluated through the GDS (higher scores are
associated with increased depressive symptomatology) and although it
was associated with group, the most striking correlation was found
between the degree of asymmetry of the insula and the overall score of
this scale (Supplementary Table 3 – p=0.0084, β=−91.0949,
R2=0.3501). Post-hoc analysis conﬁrmed this result by revealing a
very strong negative correlation between AI and GDS score (Fig. 4C – p
< 0.0001, R2=0.1477).
Volume-cognition correlates
The above-described LI-cognition associations could result from
either an association between left/right balance and neuropsychologi-
cal scores or from disproportionate inﬂuence of the left or right area. In
order to clarify this question, multiple linear regression models were
established.
Fig. 1. Structural laterality indices evaluated using a ROI-based approach. (A) Structural LI evaluated through a ROI-based approach for cortical gray matter, subcortical
and general areas. Positive and negative values represent leftward and rightward lateralization and are respectively represented on the left and right side of the graphs. (B) Color-coded
pictographic depiction of signiﬁcance of the degree of laterality in anterior, left, superior, posterior, right and inferior views (left to right, top to bottom). L=Left, R=Right, *p < 0.05, **p
< 0.01, ***p < 0.001 in Wilcoxon signed rank analysis Bonferroni corrected for 46 comparisons.
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SRT-CLTR was correlated with left, but not right, superior frontal
gyrus volume in a sex-dependent way (Supplementary Table 4 –
p=0.0017, β=−21.6295, R2=0.7828 and p=0.6173, β=−3.9500,
R2=0.7125 respectively). This translated into a positive association
between left volume and the score in female subjects (Fig. 5A –
p=0.0219, R2=0.1047), which could not be found for the right hemi-
sphere volume (Fig. 5A – p=0.4702, R2=0.0105). Relatable ﬁndings
occurred in the FAS-posterior cingulate associations, which showed a
statistically signiﬁcant education-dependent connection with left, but
not right volume (Supplementary Table 4 – p=0.0073, β=−21.8486,
R2=0.5768 and p=0.3069, β=10.2077, R2=0.5517, respectively). The
post-hoc test showed a similar trend, as left volume was negatively
correlated with performance in individuals with more than 4 years of
education (Fig. 5E – p=0.0650, R2=0.1864) while no association was
found for the right posterior cingulate volume (Fig. 5E – p=0.8507,
R2=0.0020).
The remaining analyses showed no associations between cognitive
and volumetric data. In fact, SRT-DR score was not correlated with left
or right lateral ventricle volume when considering mediation by either
sex (Supplementary Table 4 – p=0.4830, β=0.9001, R2=0.3823 and
p=0.4322, β=1.1892, R2=0.3869 respectively) or education
(Supplementary Table 4 – p=0.3609, β=−0.1870, R2=0.3823 and
p=0.2427, β=−0.3869, R2=0.3869 respectively). Also, thalamus left
or right volumes were not associated with stroop-wc score
(Supplementary Table 4 – p=0.8366, β=45.2554, R2=0.4834 and
p=0.6622, β=14.2356, R2=0.4711 respectively for sex-mediated data).
Discussion
In the present study we investigated the association between
structural asymmetries and cognitive/mood performance in an aged
cohort. We demonstrated that most brain areas present some degree of
structural asymmetry in either leftward or rightward directions. These
were independent of age, cognitive status, years of formal education or
sex (except for the fusiform area). Moreover, we were able to show that
structural lateralization of speciﬁc areas was associated with memory,
attention, verbal ﬂuency and mood. These associations were mostly
mediated by sex or education and most curiously, they were dependent
on left-right relation but not on the absolute left or right volumes.
Structural asymmetries
A brain-wide ROI-based MRI approach with semi-automatic seg-
mentation was employed to map brain structural asymmetries. This
strategy avoided biases associated with area deﬁnition as well as
potential issues associated with the left/right deﬁnition of voxel
homotopy, while creating an easily readable output that facilitates
structure-function inferences. Widely recognized asymmetries were
found, such as a rightward frontal cortex lateralization (Goldberg
et al., 2013; Good et al., 2001; Takao et al., 2011; Watkins et al.,
2001) and a bigger left ventricle volume (Toga and Thompson, 2003).
Concomitantly, we showed that brain-wide asymmetries were not only
very consistent within the population, but also were not aﬀected by age,
Fig. 2. Structural laterality indices evaluated using VBM analysis. Structural LI evaluated through a VBM analysis for gray matter areas. On the table, AAL-FreeSurfer
correspondence and ROI concordance are also shown and asterisks represent level of signiﬁcance of the ROI analysis. Clusters are also pictographically represented, where L > R and R
> L asymmetries are represented on the left and right hemispheres respectively and darker to lighter colors represent increasing laterality. On the sagittal plane, only the left side is
represented. L=Left, R=Right, **p < 0.01, ***p < 0.001, NS=non-signiﬁcant in Wilcoxon signed rank analysis Bonferroni corrected for 46 comparisons.
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education, cognitive status or sex (except for the fusiform gyrus). These
results were largely replicated in the VBM analysis, further validating
our approach.
A similar distribution of morphological asymmetries was observed
in a previous ROI study, despite diﬀerences in the population analyzed
(39 adults; age range: 19–40 years old) (Goldberg et al., 2013).
Concordance between the latter and our study seems to be higher in
lateral rather than medial areas. Moreover, the proportion of asymme-
tries found in our study is higher, which may be related with diﬀerences
in the segmentation process or with intrinsic characteristics of the
evaluated population. Despite technical and sampling diﬀerences,
other studies have reported comparable asymmetries such as leftward
lateralization in the superior temporal gyrus (Good et al., 2001; Luders
et al., 2006; Lyttelton et al., 2009), supramarginal gyrus (Lyttelton
et al., 2009), putamen (Cherbuin et al., 2010; Okada et al., 2016;
Wyciszkiewicz and Pawlak, 2014), pallidum (Cherbuin et al., 2010;
Wyciszkiewicz and Pawlak, 2014) and lateral ventricle (Cherbuin et al.,
2010; Okada et al., 2016); or a rightward lateralization of the anterior
occipital cortex (Good et al., 2001; Luders et al., 2006; Lyttelton et al.,
2009), frontal pole (Watkins et al., 2001), middle frontal gyrus
(Watkins et al., 2001), inferior frontal gyrus (Luders et al., 2006;
Lyttelton et al., 2009), caudate (Cherbuin et al., 2010; Wyciszkiewicz
and Pawlak, 2014), hippocampus (Cherbuin et al., 2010; Okada et al.,
2016) and amygdala (Cherbuin et al., 2010; Okada et al., 2016).
However, some studies show opposite results (Raz et al., 1997; Takao
et al., 2011).
Regarding laterality-inﬂuencing factors, no age-dependent diﬀer-
ences were found. Despite previous reports describing age-related
variations in laterality (Plessen et al., 2014; Zhou et al., 2013) the
small age range of our population can largely explain its absence in our
study. Additionally, our cohort showed no sexual dimorphism, except
in the fusiform gyrus. This area presents functional hemispheric
specialization for facial recognition (Ma and Han, 2012), which is
known to be sex-dependent (Loven et al., 2014). Other brain-wide
studies failed to ﬁnd overall sex diﬀerences (Goldberg et al., 2013;
Takao et al., 2011). Others, however, found slight diﬀerences on
cortical thickness (Luders et al., 2006; Plessen et al., 2014) or VBM-
measured asymmetries between male and female subjects (Good et al.,
2001). Of note, to speculate that the post-menopausal state of the
women included in our study may alter gender diﬀerences on brain
structure and mitigate those diﬀerences (Eberling et al., 2004; Fukuta
et al., 2013).
Cognitive and mood correlates
Laterality/asymmetry-cognition correlates were found in regards
with learning, memory, response inhibition/cognitive ﬂexibility, verbal
ﬂuency and mood. Importantly, these laterality associations could only
be partially explained by the absolute left (or right) ROI volume and
thus the left-right balance seems to be a main contributor in the
established models. In summary, the superior frontal gyrus laterality
showed a sex-mediated correlation with learning and memory (SRT-
CLTR), posterior cingulate left-right balance was related with verbal
ﬂuency (FAS) in an education-mediated fashion and insula asymmetry
was found to be associated with mood (GDS). Moreover, general
cortical gray matter asymmetry had a correlation with working memory
Fig. 3. Graphical representations of the models with signiﬁcant correlations between structural laterality/asymmetry and learning and memory performance.
Associations between learning and memory scores and LI (A-C) or AI (D-E). (A) Sex-superior frontal gyrus LI interaction vs Consistent Long Term Retrieval (SRT-CLTR) score; (B)
sex-lateral ventricle LI interaction vs Delayed Recall (SRT-DR) score; (C) education-lateral ventricle LI interaction vs SRT-DR; (D) education-lateral ventricle AI interaction vs Digit
Span Test backward (dbackward) score; (E) education-gray matter AI interaction vs dbackward score. On A-C positive and negative values represent a leftward and a rightward
lateralization and are respectively represented on the left and right side of the graphs while on D-E increased values on the xx axis represent increased asymmetry. L=Left, R=Right,
LI=laterality index, AI=asymmetry index.
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(dbackward) that was mediated by education.
The PFC has a well-established role in working memory and sex-
speciﬁc functioning has been shown (Goldstein et al., 2005). The
superior frontal gyrus, in particular, seems to be involved in the
performance of high (but not low) load working memory tasks
(Rypma et al., 1999). Herein, we have shown a female-speciﬁc
association between a leftward volumetric lateralization of this region
and an improved performance in SRT-CLTR, which is partially
(although not completely) explained by the left volume-score correla-
tion. In fact, du Boisgueheneuc et al. (2006) have demonstrated that, in
a slightly female-enriched population (5:3), left superior frontal gyrus
lesion induces working memory deﬁcits in the N-Back task.
The function of the posterior cingulate cortex has not yet been fully
elucidated. However, its involvement in self-appraisal tasks has been
described for both healthy and cognitively impaired subjects (Ries
et al., 2006) and it seems to be involved in verbal ﬂuency (Costafreda
et al., 2011). A lateralized eﬀect of posterior cingulate cortex volume in
verbal ﬂuency performance was, to the best of our knowledge, never
reported and we may hypothesize that this is due to the mediation of
education in this correlation, in which left volume seems to play a
critical role.
We show a striking association between (side-independent) struc-
tural asymmetry of the insula and mood; i.e. irrespective of the
direction, increased asymmetry was associated with lower GDS scores.
Insular association with depressive symptoms is extensively described.
In fact, left insular cortex volume is decreased in depressive patients,
when comparing with healthy controls (Hatton et al., 2012; Soriano-
Mas et al., 2011; Takahashi et al., 2010) and left and right volume
reduction is found in depressive patients with suicide attempts (Hwang
et al., 2010). The asymmetric involvement of this area in mood
processing is still not fully understood. However, a meta-analysis of
neural correlates of depression showed left deactivation of the insula in
patients when comparing with healthy subjects, while treatment with
antidepressants showed no eﬀects on the left, but decreased activation
of the right insula (Fitzgerald et al., 2008). Even though none of these
authors explored the lateralized eﬀects of their ﬁndings and here the
assessment concerns depressive mood and not symptomatology,
results seem to be in accordance with ours, showing an importance
of insular asymmetry for depressive mood.
Interestingly, besides the above-mentioned cortical area-speciﬁc
associations, general gray matter asymmetry also seems to play a role
in cognition. In agreement with the present data, Savic (2014) have
previously reported a R > L gray matter hemispheric lateralization.
Gray matter volume has also been associated with cognitive proﬁles
such as set-shifting (Tsutsumimoto et al., 2015), memory, mental
ﬂexibility and speed abilities (Steﬀener et al., 2013). However, to the
best of our knowledge, this is the ﬁrst description of an association
between gray matter asymmetry and working memory score.
Subcortically, only thalamus laterality showed an association with
cognition. This region has well-known functions in attention and
executive function and decreased cingulo-thalamic connectivity has
been associated with worse Stroop interference score (Wagner et al.,
2013). Here, a correlation between this area’s laterality and Stroop
score was not unexpected. Moreover, right-left thalamic imbalances
have been linked with language (Ojemann, 1977), memory (Hugdahl
and Wester, 1997; Ojemann, 1977; Van der Werf et al., 2003) and
complex speeded processing (Van der Werf et al., 2003). We further
describe a sex-mediated association between thalamus laterality and
the most demanding task of the Stroop test – words/colors –, in which
L > R volume in men was associated with better performance. Although
similar sex mediations were not yet described, sexual dimorphisms of
the thalamus were previously reported (Menzler et al., 2011) and,
importantly, left and right volumes could not explain this association.
Lateral ventricle enlargement and increase of its leftward asymme-
try have been thoroughly correlated with aging (Berardi et al., 1997;
Coﬀey et al., 1998; Fjell et al., 2009; Long et al., 2012) and
neurodegenerative diseases such as Alzheimer’s (Apostolova et al.,
2012; Fjell et al., 2009). Here a leftward lateralization is also noted.
Despite this, we also determined that rightward laterality of this area
was associated with better delayed recall performance in male and
lower educated subjects and importantly, this was exclusively due to
left-right volume balance, as individual volumes did not impact the
score. On the other hand, higher educated individuals beneﬁted from a
more asymmetrical lateral ventricle in the dbackward test. Memory-
ventricle laterality correlates had been previously reported by Berardi
et al. (1997) as elderly (but not in young) subjects, showed an
association between laterality of the lateral ventricle and discrepancy
between verbal and face memory. We hypothesize that ventricular
enlargement is associated with atrophy of the surrounding areas and/
or eventually with reduction of neurogenesis in the sub-ventricular
zone and that the asymmetric evolution of this process leads to the
described cognitive outcomes.
Conclusions
As brain asymmetries evolve with age (Plessen et al., 2014; Zhou
et al., 2013), it is relevant to explore possible associations between
laterality and cognitive performance. Our results show ubiquitous
cerebral volumetric asymmetries in the older brain, some of which
associated with cognitive performance and mood classiﬁcation.
Interestingly, in some cases a preferred left/right direction is noted,
Fig. 4. Graphical representations of the models with signiﬁcant correlations
between structural laterality/asymmetry and cognitive and mood evalua-
tions. Associations between cognitive scores and LI (A-B) and mood score and AI (C).
(A) Sex-thalamus LI interaction vs Stroop-words/colors (Stroop-wc) score; (B) educa-
tion-posterior cingulate LI interaction vs Controlled Oral Word Association F-A-S (FAS)
score; (C) Insula AI vs Geriatric Depression Scale (GDS). On A-B positive and negative
values represent leftward and rightward lateralization and are respectively represented
on the left and right side of the graphs and on C increased values on the xx axis represent
increased asymmetry. L=Left, R=Right, LI=laterality index, AI=asymmetry index.
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while in others the associations occurred without a preferred direction.
In addition, in the dbackward task we observed an association with
cortical gray matter asymmetry probably as a result of the involvement
of a wide network in this type of processes. Despite well described age-
dependent cortical atrophy (Hedden and Gabrieli, 2004), we were also
able to demonstrate that directional (laterality) associations are mostly
due to a left-right balance rather than to individual right or left
volumes. Finally, redundancy (ROI vs VBM) and analysis stringency
– all results have been corrected for multiple comparisons – enabled us
to withdraw solid conclusions about the particularities of the aged
brain. Our results point to the importance of both left/right and side-
independent structural balance for neuropsychological performance.
Further studies regarding functional asymmetries, as well as age
diﬀerences are needed to better understand the lateralization of
cognitive processes.
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